We tested whether resistance of lymphocytes to heat stress is modified by breed, intracellular glutathione content, and extracellular antioxidants. In the first experiment, lymphocytes from Angus ( Bos taurus, non-heat-tolerant), Brahman ( B . indicus, heat-tolerant), and Senepol ( B. taurus, heat-tolerant) heifers ( 12 heifers per breed) were cultured at 45°C for 3 h to evaluate thermal killing, at 42°C for 12 h in a 60-h phytohemagglutinininduced proliferation test, and at 42°C for 1 h to measure induction of heat shock protein 70 (HSP70). Killing at 45°C was affected by breed x temperature ( P < .Ol); the decrease in viability caused by a temperature of 45°C was greater for Angus than for Brahman or Senepol. For phytohemagglutinin-stimulated lymphocytes, heating to 42°C reduced I3H1thymidine incorporation equally for all breeds. Viability at the end of culture was affected ( P c .001) Key Words: Beef Cattle, Breeds, Heat by a breed x temperature interaction because the decrease in viability caused by culture at 42°C was greatest for lymphocytes from Angus heifers. Heat shock for 1 h at 42°C caused a two-to threefold increase in intracellular concentrations of HSP70, but there was no interaction of temperature with breed. In another experiment (with lymphocytes harvested from three Holstein cows), buthionine sulfoximine, a glutathione synthesis inhibitor, inhibited ( P c .O 1) proliferation of phytohemagglutinin-stimulated lymphocytes at 38.5 and 42°C. Addition of the antioxidants glutathione or thioredoxin to culture did not reduce the effects of heating to 42°C on proliferation. In summary, lymphocyte resistance to heat shock differed between breeds. There was no evidence that this effect is caused by differential HSP70 synthesis. Although intracellular antioxidant status affected lymphocyte proliferation, exogenous glutathione or thioredoxin did not overcome the effects of heat shock.
Introduction
In cattle, Bos indicus and certain B. 'Names are necessary to report factually on available data; however, the USDA neither guarantees nor warrants the standard of the product, and the use of the name by USDA implies no approval of the product to the exclusion of others that may also be suitable.
J. h i m . Sci. 1994. 72:438-444 are breeds developed in Europe (Cartwright, 1955; Finch, 1986; Hammond, 1993) . Although much of this genetic variation is caused by differences in ability to minimize hyperthermia, there may also be genetic differences in cellular responses to increased temperature. Endometrial explants from Brahman cows responded differently to increased temperature than those from Holsteins (Malayer and Hansen, 1990) . Also, there were differences between strains of mice in production of heat shock proteins and sensitivity to heat-induced neural tube defects (Finnell et al., 1991) . Heat shock proteins are involved in stabilizing cells during exposure to increased temperature (Riabowol et al., 1988; Hendry and Kola, 1991) . If genes involved in cellular resistance to heat are identified, it might be possible to transfer those genes to lessresistant breeds through conventional or transgenic procedures. Another possible approach for preventing effects of hyperthermia on cellular function is to alter antioxidant status. Deleterious effects of increased temperature on cellular function are mediated in part by free radicals (Loven, 19881 , and extracellular administration of antioxidants such as glutathione ( GSH) and taurine conferred partial thermoprotection (Kapiszewska and Hopwood, 1988; Ealy et al., 1992; Malayer et al., 1992) .
One objective of the present study was to determine whether lymphocytes from cattle breeds differ in responses to increased temperature and whether these differences are associated with production of heat shock protein 70 ( HSP'IO). Additionally, the role of the antioxidant status of the cell in resistance to increased temperature was evaluated. Lymphocytes were used as a model cell because of the ease of collection and culture and because effects of increased temperature on survival, proliferation, and HSP70 synthesis have been well described (Guerriero and Raynes, 1990; Elvinger et al., 1991a,b; Malayer et al., 1992) .
Materials and Methods
Materials. The D,L-buthionine-[S,Rl-sulfoximine ( BSO) and reduced GSH were purchased from Sigma ( S t . Louis, MO 1. Recombinant thioredoxin from Escherichia coli was purchased from Calbiochem (La Jolla, CAI. Bicinchonic acid ( BCA) was obtained from Pierce (Rockford, IL). Reagents for ELISA of the inducible form of HSP70 were described by Gutierrez and Guerriero ( 199 1). The medium for lymphocyte cultures was RPMI-1640 (Sigma) modified to contain 1% extra 200 mM glutamine, 100 IU/mL of penicillin, 100 pg/mL of streptomycin, and 10% (vol/vol) ironsupplemented calf serum (HyClone, Logan, UT). Phytohemagglutinin ( PHA) and Histopaque 1077 were from Sigma and [meth~l-~HIthymidine ( I3H1TdR; specific activity = 5.0 Ci/mmol) was from Amersham (Arlington Heights, IL).
Experiment 1 : Breed Differences in Responses of
Lymphocytes to Heat Shock. This experiment was conducted using heifers maintained at Brooksville, F L on bahiagrass pasture supplemented with perennial peanut hay (4.5 kg.anima1-l-d-l). Heifers were Angus (Bos tuurus, non-heat-tolerant), Brahman ( B . indicus, heat-tolerant) , and Senepol ( B . tuurus, heattolerant) ( n = 12hreed). Several Angus ( n = 6 ) and Senepol heifers (n = 9 ) but no Brahmans were pregnant at the time of the experiment. The experiment was conducted on three occasions from November 18 through December 2, 1992. This time of year was chosen to avoid confounding heat stress effects on the heifers with effects of elevated temperature on lymphocytes. On each occasion, blood (40 mL) was collected into heparinized containers from four heifers of each breed and transported to the laboratory EFFECTS ON HEAT SHOCK 439 (transit time approximately 2 to 2.5 h ) at ambient temperature for further processing. Preliminary results indicated that blood could be kept at room temperature for 6 h without loss in lymphocyte viability or proliferative response. Blood mononuclear cells (approximately 90% lymphocytes as determined by differential staining) were obtained by centrifugation over Histopaque 1077 as previously described (Low and Hansen, 1988) and resuspended in culture medium (modified RPMI-1640) t o a concentration of 1 x 106/mL. Lymphocytes were then subjected to three different regimens to determine breed differences in the following responses: 1 ) cell survival in response t o severe heat shock (45"C), 2 ) decrease in mitogeninduced lymphocyte proliferation caused by exposure to 42"C, and 3 ) production of HSP70 in response t o heat shock. To determine survival after 45"C, 100 pL of lymphocytes were cultured in triplicate in 96-well microtiter plates in a 5% C02 atmosphere. Incubations were a t 385°C (body temperature of cattle) for 24 h or 45°C for 3 h followed by 38.5"C for 21 h. Cellular viability was then determined. Lymphocytes were mixed with an equal volume of .4% trypan blue, incubated for 10 min at room temperature, and evaluated for the proportion of live and dead lymphocytes by microscopic examination of dye exclusion.
For lymphocyte proliferation (eight heifers per breed performed on two occasions), 1 x lo5 lymphocytes in 190 pL of culture medium were cultured for 60 h with 0 or .4 pg of PHA in a 5% COa atmosphere. During the first 12 h, lymphocytes were a t 38.5 or 42°C. All cultures were then incubated at 385°C for the remainder of the culture period. At 48 h, .1 pCi of L3H1TdR in 10 p L of culture medium was added to three wells of each set of replicates ( n = 4). Lymphocytes in wells containing radioactivity were harvested onto filter disks using a semi-automated cell harvester (Brandel, Gaithersburg, MD) with sequential washing of .9% (wt/vol) NaCl and distilled water. Liquid scintillation spectrometry was used to determine radioactivity on the disks. The fourth replicate, t o which radioactivity had not been added, was mixed with trypan blue at the end of culture and examined microscopically to determine viability. Induction of HSP70 was examined by culturing 10 mL of lymphocytes in six-well plates in 5% CO2 at 1) 38.5"C for 2.5 h or 2 ) 42.0"C for 1 h followed by 385°C for 1.5 h. Lymphocytes were then collected by centrifugation (4,000 x g ) and frozen at -20°C until later analysis for total protein content and the inducible form of HSP70. Before the assay, lymphocytes were suspended in 1 mL of 10 mM Tris-HC1 buffer, pH 7.4, containing .9% (wt/vol) NaCl and 1% ( w t h o l ) SDS and boiled for 5 min. Protein content was determined with the BCA modification of the Lowry method (Smith et al., 1985) using BSA as a standard. The ELISA for HSP70 was performed as described previously (Gutierrez and Guerriero, 1991) .
Experiment 2: Antioxidant Status and Lymphocyte
Responses to Heat. Lymphocytes were prepared from jugular blood of three Holstein cows as described above. For each cow, aliquots of 1 x lo5 lymphocytes were placed in a 96-well microtiter plate and brought to a volume of 180 pL with culture medium containing one of the following treatments: 50, 250, 500, or 1,000 pM BSO, a specific inhibitor of GSH synthesis (Meister, 1985) ; 10, 100, or 1,000 pM GSH, a cysteine-containing tripeptide that can react directly with free radicals and participates in various enzymatically catalyzed reactions leading to removal of free radicals, reactive oxygen products, and protein disulfide linkages (Meister, 1983) ; or 2, 20, or 200 pgl mL of thioredoxin, a protein with antioxidant properties (Holmgren, 1985) . Treatments were added in triplicate wells t o achieve the desired final concentration assuming a culture volume of 200 pL. After 5 h at 38.5"C and 5% C02, .4 pg of PHA in 10 pL of culture medium was added. An additional three wells of lymphocytes from each cow were cultured without PHA to determine proliferation of unstimulated lymphocytes. Lymphocytes were then cultured at 38.5"C continuously or at 42°C for 12 h and 38.5"C thereafter. At 48 h after addition of PHA, .1 pCi l3H1TdR in 10 pL of medium was added. Lymphocytes were harvested 12 h later ( a t 60 h after PHA) and radioactivity was determined.
Statistical Analysis. Replicate determinations were averaged before analysis. Data on l3H1TdR incorporation by PHA-stimulated lymphocytes were corrected by subtracting l3HITdR incorporation by lymphocytes not treated with PHA (i.e., unstimulated lymphocytes). Data were analyzed with least squares analysis of variance using the GLM procedures (SAS, 1990) . Data for Exp. 1 were initially analyzed using a mathematical model that included main effects of breed, pregnancy status, date of blood collection, cow (breed x pregnancy x date), culture temperature, and all interactions. Tests of significance were made using proper error terms as determined by calculation of expected mean squares. Cow was considered a random effect and other main effects were considered fixed. The change in HSP70 concentration due to heat shock (concentration at 42°C -concentration at 385°C ) was analyzed using models similar to those described above except that temperature and its interactions were not included in the models. For all data except for incorporation of 13HlTdR by unstimulated lymphocytes, data were subsequently reanalyzed without pregnancy status or interactions with pregnancy status in the model because these effects were nonsignificant.
For Exp. 2, data were analyzed separately for each treatment (GSH, thioredoxin, and BSO) using a mathematical model that included effects of cow, culture temperature, concentration, temperature x concentration, cow x temperature, and cow x concentration. Cow was considered as a random effect and other main effects were considered fixed. Therefore, the effect of temperature was tested using cow x temperature as the error term and concentration was tested using cow x concentration as the error term.
Results

Experiment 1 : Breed Differences in Responses o f
Lymphocytes to Heat Shock. Exposure of lymphocytes to a heat shock of 45°C for 3 h decreased the number of viable cells at the end of culture 21 h later ( P < .001; Table 1 ). The reduction in viability was greater for lymphocytes from Angus heifers than for lymphocytes from Brahman or Senepol heifers (breed x temperature; P < .01; Table 1 ). Although viability decreased from 85.1% to 56.2% in Angus ( a n absolute change of 28.9%), the decrease was 21.3% for Brahman and 18.7% for Senepol lymphocytes.
As shown in Table 2 , exposure of PHA-stimulated lymphocytes to 42°C for 12 h reduced ( P < .001)
proliferative response, as measured by incorporation of [3HlTdR into newly-synthesized DNA, and viability at the end of culture. There were no effects of breed or breed x temperature on L3H1TdR incorporation, but viability was affected by breed x temperature ( P < .001). Again, the decrease in viability caused by exposure to increased temperature was greater for Angus lymphocytes (absolute change of 28.25%) than for Brahman (8.5 %) or Senepol lymphocytes ( 17.6% ). The incorporation of L3H1TdR by unstimulated lymphocytes (i.e., cultured without PHA) was affected ( P < .0001) by a breed x temperature interaction. This interaction indicated that incorporation of [3H]TdR for lymphocytes at 38.5"C was greater for Angus, but at 42°C there were no differences between breeds. Least squares means for incorporation at 38.5 vs 42°C were, respectively, 2,002 vs 510 dpm for Angus, 1,045 vs 400 dpm for Brahman, and 1,163 vs 606 dpm for Senepol (pooled SEM = 170 dpm). Exposure to 42°C for 60 min caused a significant increase in intracellular amounts of HSP70 regardless of whether results were expressed on a per cell or per unit of intracellular protein basis (Table 3 ). There were no significant breed or breed x temperature effects on any measure of HSP70 content.
Experiment 2: Antioxidant Status and Lymphocyte
Responses to Heat. In the absence of BSO, exposure to 42°C reduced I3H1TdR uptake by PHA-stimulated lymphocytes from 39,298 dpm to 24,220 dpm ( Figure  1) . The BSO inhibited I3H1TdR incorporation ( P < .O 1) in a concentration-dependent manner. There was a temperature x BSO concentration interaction ( P < .02) because the difference in I3H1TdR incorporation between temperatures was greater in the absence of BSO. Such a result did not represent a thermoprotective effect of BSO. Rather, lymphocytes cultured with BSO were inhibited from proliferating and therefore the absolute reduction in proliferation caused by culture at 42°C was reduced by BSO. Neither GSH nor thioredoxin altered proliferative response at 38.5 or 42°C (Figure 2 ).
Discussion
It has long been known that physiological and productive functions of B. indicus cattle are less disrupted by heat stress than are those of many B. taurus breeds. This difference is due in large part t o the superior thermoregulatory ability of B. indicus (Cartwright, 1955; Finch, 1986) . The Senepol breed, which was derived primarily from two B. taurus breeds (N'Dama and Red Poll) is better able to maintain body temperature during heat stress than are some other B. taurus breeds (Hammond, 1993) .
The present results indicate that the adaptation of Brahman and Senepol cattle to heat stress conditions compared with Angus is also reflected at the cellular EFFECTS ON HEAT SHOCK 44 1 level, because lymphocytes from Brahman and Senepol heifers were better able to survive exposure to increased temperature than were lymphocytes from Angus heifers. These results are consistent with earlier findings (Malayer and Hansen, 1990 ) that endometrium and oviducts from Brahman cows responded differently to heat shock than endometrium from Holstein cows. In that study, proliferation of endometrium was increased by culture at 43°C for Brahman tissue but was decreased for tissue from Holstein cows. Also, the pattern of protein synthesis by endometrium and protein secretion by oviductal explants in response to 43°C was different for the two breeds. In contrast t o the present results, Malayer et al. ( 19 92) found no difference between lymphocytes from Brahman and Holstein cows in survival after exposure to 45"C, possibly because the number of cows was small ( n = 3 to 4).
In the present study, the increased resistance of lymphocytes from Brahman and Senepol cows to heat shock was expressed as increased viability after exposure to increased temperature (45°C for 1 h and 42°C for 12 h). Superior resistance for Brahman and Seneopol breeds was not sufficient to reduce the disruption of proliferation of PHA-treated lymphocytes caused by heat shock. This is probably because mitogen-induced proliferation is more susceptible to disruption by increased temperature than cell survival (Elvinger et al., 1991b) . Although there was a breed x temperature interaction affecting proliferation of unstimulated lymphocytes, there was no difference in degree of proliferation between breeds for lymphocytes cultured at 42°C. The temperature treatments that bTernperature affected ( P < .01) concentration, but breed and breed x temperature effects were not significant.
Vemperature affected ( P < ,001) concentration, but breed and breed x temperature effects were not significant. dDifference in concentration between lymphocytes cultured at 42 and 385°C. There was no effect ( P > .lo) of breed regardless of whether data were expressed on a per unit protein or per cell basis. lymphocytes were exposed t o in the present study are not representative of the exposure to increased temperature that cells would be exposed to in vivo. In particular, temperature increases in the hyperthermic animal are more gradual and do not reach 45°C. It remains to be seen whether cellular differences between breeds are sufficient to alter cellular responses to hyperthermia in vivo.
Identification of the cellular basis for breed differences in cellular resistance to increased temperature could lead to new methods for increasing resistance of cells to heat shock through genetic or physiological manipulation of systems conferring increased resistance. Differences between strains of mice in resistance to heat-induced neural tube defects were related t o differences in synthesis of HSP70 (Finnell et al., 1991) . In the present study, however, there was no difference between breed in the amounts of HSP70 produced at 38.5"C or after exposure to a 42°C heat shock. It is possible that there are breed differences in other heat shock proteins not measured here (e.g., HSP9O and HSP27). Additionally, there could be differences between breeds in thermal lability of certain intracellular proteins. Given that viability as measured in the present study is a function of membrane integrity and that heat shock can affect membrane structure (Kapiszewska and Hopwood, 19881 , there may be breed differences in membrane properties that were responsible for the observed One possibility is that the breeds differ in intracellular content of antioxidants. Intracellular content of GSH has been related to sensitivity to heat shock in some (Mitchell et al., 1983; Russo et al., 1984; RoizinTowle et al., 1986; Shrieve et al., 1986; Harris et al., 1991; Arechiga et al., 19921 , though not all, studies (Lilly et al., 1986 ). The present experiment using the glutathione synthesis inhibitor, BSO, was conducted to evaluate whether depletion of glutathione would increase susceptibility to heat shock. The large decrease in lymphocyte proliferation caused by BSO at both temperatures confirmed the importance of glutathione in lymphocyte proliferation (Kavanaugh et al., 1990; Messina and Lawrence, 1992) but precluded analysis of the importance of intracellular glutathione for cellular resistance to heat shock. Administration of extracellular antioxidants partially protected Chinese hamster ovary cells (Kapiszewska and Hopwood, 1988) and preimplantation embryos Malayer et al., 1992 ) from increased temperature. It has been proposed that it might be possible t o reduce effects of heat on embryonic development through provision of these molecules at critical times (Hansen and Ealy, 1991; Hansen et al., 1992) . There was no evidence that this would be the case for effects of temperature on lymphocyte proliferation because neither antioxidant tested, glutathione or thioredoxin, prevented effects of temperature on lymphocyte proliferation. Neither of these antioxidants crosses the cell membrane readily, and they are therefore of limited value in reacting with intracellular free radicals. Perhaps more lipidsoluble antioxidants, such as monoesters of glutathione (Anderson and Meister, 19891 , would be more effective at blocking effects of increased temperature on cellular function. It is also possible that the concentration of GSH used was not optimum. Although it was not significant, there was a tendency for L3H1TdR incorporation to be reduced in GSH-treated lymphocytes. The concentration of GSH shown to be effective in reducing effects of increased temperature in other studies ranged from 50 nM to 100 p M (Kapiszewska and Hopwood, 1988) .
There was no evidence that breed affected proliferative responses of lymphocytes to PHA, even though incorporation of [3HlTdR by unstimulated lymphocytes was greater for lymphocytes from A n g u s heifers than for lymphocytes from Brahman or Senepol heifers. It is possible that breeds differed in sensitivity to PHA and that at other doses breed differences would have been noted. This was not evaluated, however. Additionally, humoral factors that could contribute to breed differences in lymphocyte responses were not a factor in Exp. 1 because all lymphocytes were cultured in a common, commercial calf serum rather than in serum from the cow providing lymphocytes.
In summary, these results indicate that breed differences exist in cellular responses to increased temperature. These differences may be of practical importance because some effects of heat stress on animal production, such as increased embryonic mortality, involve deleterious effects of increased temperature on cellular function. There was no evidence indicating that provision of antioxidants that act extracellularly can block the deleterious effects of elevated temperature on lymphocyte function.
Implications
Results indicate that lymphocytes from Brahman and Senepol cows are more resistant to deleterious effects of increased temperature on cell survival than are lymphocytes from Angus cows. Thus, there are likely breed differences in cellular responses to increased temperature. If these differences prove important for certain aspects of breed differences in resistance to heat stress, it is possible that new methods for increasing resistance of cells to heat shock could be developed that involve genetic or physiological manipulation of systems conferring increased resistance at the cellular level.
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